Primaquine (PQ) is recommended to prevent relapses in patients with Plasmodium vivax malaria infection. However, treatment with PQ causes methemoglobinemia. In this study, we measured the methemoglobin (MetHB) levels in three groups of subjects who received PQ treatment at 0.58, 0.83, or 1.17 mg/kg/d. A total of 112 subjects were studied. MetHB levels were detected at > 4% in 46-50% 1 day after PQ treatment in all three groups and 4-9% of subjects had MetHB levels > 4% 15 days after treatment. Only subjects receiving the highest doses of PQ had mild and brief adverse events, and 17% of them were associated with treatment. We conclude that when PQ is administered under certain conditions (i.e., normal glucose-6-phosphate dehydrogenase activity, in non-pregnant subjects and with a light meal), daily doses as high as 1.17 mg/kg do not represent a serious risk of high MetHB levels to patients.
INTRODUCTION
Primaquine (PQ; Neo-Quipenyl and Palum) is used for controlling gametocytes in Plasmodium falciparum infection to block transmission and against persistent liver forms (hypnozoites) in P. vivax and P. ovale to prevent relapses after a primary attack. The antimalarial is a powerful inductor of methemoglobin (MetHB), even with normal, glucose-6-phosphate dehydrogenase (G6PD) activity, transforming hemoglobin (HB; Fe 2+ ) into reduced HB (Fe 3+ ) 1 within erythrocytes. When MetHB in blood increases to > 2%, the condition is known as methemoglobinemia. 2 Under physiological conditions, the erythrocyte has evolved several mechanisms of protection by reversion of MetHB to HB. 3 Methemoglobinemia can also be caused by dapsone, pamaquine, primaquine, and sulfonamides. 3 Congenital methemoglobinemia caused by enzymatic deficit or by defect on the hemoglobin molecule itself has been reported. 1, 2, 4, 5 Within the normal red blood cell, a small amount of MetHB can be present, but this is continuously reduced to HB by action of the NADH-diaphorase (cytochrome β5 reductase) enzyme, which normally keeps the MetHB level < 1%. Clinical findings in patients with excessive MetHB correlate to blood levels. 6 MetHB levels < 20% provoke no signs or symptoms in most people. When levels exceed 30% most people will suffer dyspnea, nausea, and tachycardia; 55% MetHB causes lethargy and stupor; > 55% MetHB results in cardiac arrhythmia and neural depression; and > 70% MetHB is usually fatal.
In general, PQ does not cause serious side effects when administrated to healthy whites at standard doses (i.e., 0.25-0.30 mg/kg/d, 14 days for vivax malaria; 0.75 mg/kg single dose for falciparum malaria), all of which are recommended by the Colombian government. However, among African populations, methemoglobinemia 7 and hemolytic anemia are relatively common effects because of hemolysis in individuals with an inborn G6PD deficit. [7] [8] [9] Hemoglobin is very sensitive to oxidative stress, and a G6PD deficit increases this sensitivity, 7, 10, 11 resulting in more pronounced methemoglobinemia when such patients are given PQ. Nevertheless, methemoglobinemia is routinely observed even in individuals with normal G6PD activity. 1, 6 G6PD deficiency rates among individuals with a clinical diagnosis of MetHB were 51.3% in comparison to 8.7% in individuals lacking MetHB. 12 In Colombia, the standard treatment scheme of chloroquine (CQ) plus PQ (CQ at 10 mg/kg on Day 1, 7.5 mg/kg on Days 2 and 3, and PQ at 0.25-0.30 mg/kg/d for 14 days) had 100% efficacy against P. vivax primary attacks 13 and resulted in recurrences only in 18% of patients during 6 months of follow-up. 14 These two antimalarials can induce production of MetHB at therapeutic doses in normal individuals, but the risk increases when it is administered at higher than standard doses or given to those who are G6PD deficient. 15 The only licensed drug against hypnozoites is PQ, and some countries have reported failure to prevent relapses in a significant proportion of patients. [16] [17] [18] [19] Therefore, higher-dose regimens of PQ are being applied in several countries. 20, 21 Moreover, the 14-day regimen often proves ineffective because of poor compliance. Hence, the question of PQ toxicity at higher daily or total doses is relevant to further exploration of alternative PQ regimens.
As part of research on the efficacy of different regimens of PQ and the frequency of recurrences after a primary P. vivax malaria attack, we administered 2-, 3-, and 5-fold daily standard doses in G6PD-normal subjects and compared MetHB levels before and after PQ treatment. In addition, we identified the type and frequency of adverse effects after administration of each of three PQ treatment regimens.
MATERIALS AND METHODS
We conducted a randomized, non-masked, controlled clinical study on P. vivax -infected patients. Volunteers were part of a larger study that aimed at studying the efficacy of different CQ plus PQ regimens against recurrences in P. vivaxinfected patients. The patients were recruited and randomized into one of three experimental groups with different treatment regimens. All subjects received the same regimen of CQ treatment first (10 mg/kg on Day 1 and 7.5 mg/kg on Days 2 and 3) and then received a 3-day consecutive course of PQ (Sanofi~Synthelabo, Paris, France): Group I received PQ 0.58 mg (base)/kg/d (i.e., 50% total and twice daily standard dose); Group II received 0.83 mg (base)/kg/d (i.e., 71% total and 3-fold daily standard dose); and Group III received 1.17 mg (base)/kg/d (i.e., equal total and 5-fold daily standard dose). All treatments were supervised. Antimalarials were supplied by the regional health authorities and were administered once daily with 150-200 mL of juice and a pastry simultaneously from Day 1. Samples were selected using the Lwanga and Lameshow methods 22 to test the differences in proportion between two independent populations. Initial sample size for each treatment was 49 and was increased to 70 to compensate against dropouts during the long period of follow-up.
Study area. The study was carried out in two malariaendemic regions in Colombia: Turbo (8°5′42″ N, 76°44′123″ W) and El Bagre (7°35′25″ N, 74°48′27″ W). The majority of inhabitants of these regions are of African origin, although mixing with indigenous and Spanish descendants is common. Both regions have high perennial and unstable malaria transmission with mean annual parasites indices (malaria cases/1,000 exposed individuals) during 2001-2003 of 19.65 in Turbo and 37.35 in El Bagre. 23, 24 Malaria patient enrollment and follow-up. This study included subjects from local malaria clinics with acute symptomatic P. vivax malaria and parasitemia diagnosed by thick smear microscopy between September 2003 and September 2006. The study protocol was reviewed and approved by the Ethics Committee of the Faculty of Medicine, Universidad de Antioquia (Medellín, Colombia). Each participant gave informed consent. The inclusion criteria for the study were > 2 years of age, P. vivax parasitemia of > 1,000 asexual forms/µL, and willingness to participate. A normal quantitative G6PD screening test 25 was required for those administered > 20.25 mg/kg/d PQ, and only individuals with normal G6PD (> 2.29 UI/g HB) were included in the study. Subjects were excluded if they were pregnant, diagnosed with other infectious diseases, had a history of antimalarial medications during the previous 2 weeks, had the presence of diarrhea or vomiting (more than five episodes in 24 hours), had symptoms or signs of severe malaria (according to WHO), had hypersensitivity to antimalarials, or had severe undernourishment. 26 Exclusion from the study resulted after intake of any antimalarial different from those provided by the researchers, failure to attend controls, or consent withdrawal.
Clinical assessment. Subjects were examined by an experienced general physician before and after treatment. A list of adverse events was examined initially before treatment and used as a baseline for further assessments of the presence or absence of secondary adverse events. These were defined as the expression of any new clinical symptom or sign or the aggravation of an already existing one during the period of treatment. The protocol included qualitative analysis, as recorded by the physician, of 1) the relationship between the event and the treatment, 2) follow-up on the development, 3) the severity, and 4) the outcome.
G6PD and MetHB evaluations. The normalized Beutler method 25 was used to quantify G6PD activity in the field study sites. The tests were performed by the researcher(s), and the results were measured using two separate spectrophotometers (Analyzer RA 50, mod 7424, Bayer, Berlin, Germany; and Spectrum Genesys 20, model 4001/4, Thermo Electron Corp., Rochester, NY), which were previously calibrated with standards to assure the accuracy. Levels < 2.29 UI/g hemoglobin were considered as evidence consistent with G6PD deficiency. 27 MetHB levels were measured in all subjects on Days 1 (MetHB-1) and 15 (MetHB-15) and followed up on Days 4 and 18 after the completion of 3-day PQ treatment. MetHB levels were determined by spectrophotometry (Spectronic Genesys 20, model 4001/4). The mean of the normal values for the regions under study is reported as 0.5783 ± 0.5781% (median, 0.40; 95th percentile, 1.1562%). 28 Statistical analysis. Data were analyzed using EpiInfo 6.04 and SPSS 14.0. The Kolmogorov-Smirnov test was used to test for normalizations of G6PD and MetHB levels. The Kruskal-Wallis test was applied to median G6PD activity and MetHB levels according to sex. A level of significance of 5% was always assumed. In addition, median values of MetHB were compared by the Kruskal-Wallis test for independent "k" samples, and the Bartlett c 2 test was used to compare variance of homogeneity. Post hoc multiple comparisons were performed using the Student-Newman-Keuls test, whereas median readings on Days 1 and 15 after treatment completion were compared by Wilcoxon test for dependent groups.
Lineal correlation and regression coefficients were determined for MetHB, G6PD reading, and age. Finally, Pearson and Spearman lineal correlation/regression analyses were also applied, and significance of the model was tested using ANOVA.
RESULTS
Among 120 subjects under study, a total of 27 were enrolled in Group I, 28 in Group II, and 65 in Group III. For ethical reasons, inclusion in Groups I and II was halted because of the high frequency of recurrences detected during the period of follow-up ( Table 1 ) . but the required sample size was successfully reached in Group III. Subjects included were young adults of ~30 years of age. Men represented 66% of the population. Sex distribution within the groups was statistically comparable ( P = 0.260). The body weight among the volunteers was ~60 kg, with similar mean values among the groups ( P = 0.159110).
The mean G6PD activity in all 120 subjects was 3.87 ± 1.12 UI/g HB, with a minimum of 2.30 and a maximum of 7.00 UI/g HB.
MetHB levels. MetHB formation was measured in 112 subjects after 1 day and in 105 after 15 days of treatment completion. Global mean MetHB-1 levels were 5.20 ± 5.33% with 65% of subjects at the level > 2%, whereas MetHB-15 levels Table 2 ) . MetHB-1 levels were 6.01 ± 6.88% in Group I, 5.29 ± 6.17% in Group II, and 4.84 ± 4.13% in Group III ( P [K-W] = 0.934; Table 3 ). MetHB-1 > 4% was observed in 46-50% of subjects in all groups; meanwhile, MetHB-15 > 4% was observed only in 4-9% of subjects from all groups. There were no differences in terms of MetHB levels and their body weights between male and female subjects [MetHB-1: P ( t ) = 0.061; MetHB-15: P (t) = 0.252]. Overall comparison in all groups confirmed mean MetHB-1 in individuals < 60 kg of 5.59 ± 5.08% (95% CI, 4.26-6.93), which was similar (4.80 ± 5.71%, 95% CI, 3.21-6.39) to those > 60 kg [ P ( F ) = 0.443]. Likewise, when values were compared within the groups, the similarity was confirmed ( P > 0.112).
The proportion of "overweight" (> 60 kg) individuals was 40-59% in the different groups ( P = 0.184776). When analysis was made based on nine strata using the PQ dose and body weight, no significant association was observed between these variables and MetHB-1 or MetHB-15 levels ( Table 4 ) .
Comparison between MetHB-1 and MetHB-15 confirmed a significant reduction within each group and in all groups according to Wilcoxon test ( P = 0.000-0.001).
Because no significant differences in MetHB levels were detected between the three treatments, we further studied MetHB and G6PD correlations in all treated subjects. The results are as follows: 1) MetHB-1 as function of G6PD: rho (Spearman) = −0.087 and P = 0.363; 2) MetHB-15 as function of G6PD: rho (Spearman) = −0.035 and P = 0.723. These data indicated that the correlation between MetHB and G6PD at the different time points appeared inverse but not statistically significant. However, correlation between the two MetHB readings was positive, moderate, and significant [rho (Spearman) = 0.466; P = 0.000]. The lineal model Y = a + bX for regression is MetHB-15 = 0.548 + 0.127 (MetHB-1). Both coefficients (a and b) were significant in the model ( P = 0.004 and P = 0.000; Figure 1 ).
Adverse events. Before treatment, frequencies of individuals from Group III reporting adverse events were as follows: muscle/bone pain, 83%; anorexia, 65%; nausea, 59%; abdominal pain, 57%; vomiting, 32%; cough, 32%; dyspnea, 17%; diarrhea, 11%; odynophagia, 11%; pruritus, 6%. In addition, in this group, the physician observed conjunctivae or palmar pallor in 25%, abdominal tenderness in 29%, hepatomegaly in 28%, jaundice in 3%, choluria in 3%, and splenomegaly in 3%. After treatment, the more frequent signs-symptoms in Group III were abdominal pain (including epigastralgia) followed by pruritus and diarrhea ( Table 5 ). Meanwhile, in Group I, these were pruritus, dizziness, and abdominal pain (including epigastralgia). Comparison of the type and frequency of adverse effects between Group III and a reference group reported elsewhere 14 (administered the daily standard and the total standard dose of PQ at 0.25 mg/kg/d for 14 days) confirmed the presence of significant differences ( Table 5 ). Furthermore, comparison of the frequency of the main reported events confirmed major differences between Group III and the reference group but not between Group III and Group I. These findings might suggest that adverse effects associated with high daily doses are different in type and frequency from those observed at standard dose. The recorded events were frequent in individuals from Group I and very frequent in those from Group III ( Table 5 ) , predominantly presented as jaundice, splenomegaly, palm pallor, insomnia, and orthostatism. Moreover, in this group, 17% of the adverse effects were diagnosed by the physician as "definitively associated" with PQ treatment, 15% were "probably associated," 28% were "possibly associated," 9% were "unlikely associated," and 31% were "not associated." In all groups, a severe adverse event was never reported, and all events were relieved in 99% of individuals in 28 days after treatment. Treatment of pruritus was required in 2.4% cases. Adverse events were observed in at least 89% subjects before 48 hours after the completion of treatments. Most signs and symptoms observed before and after treatment were analogous. Random blood tests performed on 20 adult subjects from any group after 24 hours of PQ treatment were within normal ranges: hemoglobin, 11.7 ± 1.3 g/dL; hematocrit, 35.1 ± 3.9%; total white cell count, 7,700 ± 1,200/µL; alanine aminotransferase, 33.0 ± 28.0 U/L; total bilirubin, 0.60 ± 0.30 mg/dL; direct bilirubin, 0.20 ± 0.13 mg/dL; creatinine, 0.74 ± 0.12 mg/dL. Urine analysis was normal. MetHB-1 values of 28.6% and 31% were detected in two subjects; their MetHB-15 values were 7.8% and 9.7%, respectively. In these subjects, no clinical manifestation was observed.
DISCUSSION
This study aimed at clarifying the effect of PQ on MetHB formation when administered at higher than standard daily doses in P. vivax malaria subjects in Colombia. We examined the effect on subjects at 1 and 15 days after malaria treatment with a standard CQ dose (10 mg/kg on Day 1 and 7.5 mg/kg on Days 2 and 3) plus a 3-day course of PQ at 0.58, 0.83, or 1.17 mg/kg/d. We confirmed that, in subjects with normal G6PD activity, levels of MetHB 24 hours after administration of PQ at 5-fold the daily standard dose (1.17 mg/kg/d for 3 days) were < 20% in 98% of the subjects. Among the few individuals who exhibited > 20% MetHB, clinical signs associated with methemoglobinemia were absent. Several authors have reported that clinical cyanosis was observed when MetHB reaches ~15% 2 or 15-20 g/L, 29 but this could not be confirmed in this study, even though exhaustive exploration to detect these signs were carried out by the clinician. Therefore, our findings might be more close to the reports made by other authors pointing out the fact that the threshold for clinical signs and symptoms of methemoglobinemia is > 20%. 6 A rise of MetHB levels of up to 4% when PQ is used at standard doses have been reported in healthy individuals. 30 However, the expression "standard dose" refers not only to the total PQ dose but also to the time when the treatment is administered. In our study, one of the groups (Group III) was administered the total standard dose in 3 days instead of the 14 days currently recommended in Colombia. MetHB-1 at > 4% was detected in ~50% of the individuals in all three groups regardless of the difference of the total doses of PQ treatment. It was expected that administration of PQ at high doses during a short period would result in higher toxicity. All subjects in this study received higher than standard daily doses. We failed to confirm a direct relationship between PQ administration and MetHB levels [mean MetHB-1 = 5.20 ± 5.33% P (K-W) = 0.934 and MetHB-15 = 1.27 ± 1.54 P (K-W) = 0.539].
PQ has been reported to be as well tolerated as placebo, with low toxicity, 8 even with prolonged administration of a total dose of 30 mg/d over a period of 16-52 weeks. [31] [32] [33] [34] [35] Similarly, 60 mg/d also exhibited good tolerance, 36, 37 and high sensitivity to the PQ treatments has been mainly reported in MetHB reductase-deficient individuals. 6, 38 The affect of PQ on MetHB induction at higher than standard doses (> 210 mg; e.g., 315 or 420 mg), when administered in < 14 days (e.g., 5 or 10 days), has not been studied, but tolerance has been reported as adequate when administered with food. 8 As higher PQ doses are administered, higher MetHB in individuals with lower body weight may be expected. In this study, subjects in all three groups had a mean body weight of 57-62 kg; however, individuals > 60 kg were more frequent in Group I (lowest daily and total PQ) and less frequent in Group III (highest daily and total PQ dose) than in Groups I and II. The highest MetHB-1 was detected in Group I and the lowest in Group III, whereas the proportion of individuals over the 4% threshold for MetHB-1 was similar in all groups. In any case, the highest MetHB-1 levels were observed in individuals weighing < 60 kg, but no statistical difference could be confirmed between the effect of any of the three treatments and body weight.
Our results confirmed that effects associated with high daily PQ dose were different in type and frequency compared with administration of the standard dose. Such events were frequent in Group I but predominant in Group III who were given the highest daily and total PQ dose. Clinical findings such as jaundice, choluria, splenomegaly, and palm pallor were more frequent in Group III, and they might be associated with hemolysis after PQ treatment [7] [8] [9] ; however, in 20 randomly selected individuals after 24 hours of PQ treatment, we found no laboratory evidence of hemolysis and thus consider those clinical findings more likely linked to malaria rather than to PQ.
The results of this study showed that the adverse events with 2-to 5-fold higher daily PQ were mild, short-lived, and without long-term side effects. There was no treatment termination required during the study. Furthermore, < 5% of subjects required anti-histamine preparations for pruritus, and no other reactions required specific treatment. Taken together, this evidence confirms than PQ was well tolerated at high daily doses. Efficacy against recurrences of PQ at a total standard dose during shorter periods (< 14 days) remains to be studied in detail.
Our findings and the cumulative evidence confirm that it is feasible to administer PQ in < 14 days whenever required for research or clinical purposes but only after previous fulfillment of three simple criteria: normal G6PD activity, in non-pregnant subjects, and with a light meal. Under these conditions, the major adverse effect after PQ administration, serious methemoglobinemia, is rare, but adverse events at even the highest daily PQ dose (mainly at 5-fold standard dose) were short-lived, mild, and without long-term side effects. 
